on their ability to characterize large data sets, these 'omics' techniques will have an impact on our understanding of adipose tissue function (Figure 1 ) [11]. To date, most of the metabolic studies have focused on monitoring specific biochemical pathways. Until recently, untargeted metabolic profiling has not attained much attention due to its complexity and unavailability of suitable analytical platforms capable of generating and processing large data sets [12, 13] . However, implementation of advanced statistical and bioinformatics tools to systems biology is capable of providing the valuable information required for finding solutions to diverse metabolic disorders [14] [15] [16] .
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Diversity of adipose tissue
In mammals, fat tissue is classified according to morphological appearance. WAT distribution varies by age, gender, and genetic origin, but is the most abundant regardless of these factors [17] . Unlike white adipocytes, brown adipocytes have an abundance of mitochondria and therefore have very high metabolic turnover. In mice, brown adipose tissue has been identified in the interscapular (iBAT), sub-scapular (sBAT), cervical (cBAT) and neck regions [18, 19] . Alternatively in adult humans, BAT is found in the supraclavicular and neck regions [18] [19] [20] . However, less is known about the origin and metabolic role of BAT. It is known to be more abundant in infants than adults [21] . At the early embryonic stage, very little lipid accumulation occurs in brown adipocytes, but a marked increase has been reported after birth [22] . Although initially BAT was believed to only have a functional role in infants and rodents, later studies have demonstrated its presence in adults, as well as, significant changes in response to mild cold exposure [23] . While WAT is primarily an energy storage site, it also behaves as an endocrine organ by secreting hormones, known as adipokines, which are involved in feeding and metabolic regulation [24] . On the other hand, BAT readily converts triglyceride (TGs) reserves into FAs, an energy source for non-shivering thermogenesis [25] [26] [27] . This process is mediated by mitochondrial uncoupling protein-1 (UCP-1) present on the inner mitochondrial membrane. UCP-1 depletes the electrochemical gradient across the mitochondrial membrane which channels the available FAs to the production of heat, rather than ATP [25] .
Introduction
Animal species are prone to times of both energy abundance and energy deprivation. Adipose tissue is a metabolically complex and dynamic organ which plays a key role in balancing both of these conditions [1] . White and brown are the two main types of adipose tissue with profound morphologic, functional and metabolic differences. White adipose tissue (WAT) stores high energy deposits, predominantly in the form of triglycerides (TGs), whereas, brown adipose tissue (BAT) is mainly known to dissipate energy in the form of heat by mitochondrial β-oxidation of fatty acids (FAs) [2] . Consumption of a high caloric diet or less expenditure of energy leads to inflammation in adipocytes which eventually leads diseases including obesity, diabetes, cardiovascular disease and cancer [3] . As obesity progresses, adipocytes change morphologically increasing in both size and number [4] . To understand the role of intracellular and extracellular factors on adipose tissue, several groups have employed 'omics' approaches, to characterize the molecular mechanisms of each class of adipose tissue [5, 6] . 'Omics' is the general term used for systems biology which includes genomics, transcriptomics, proteomics, and metabolomics [7] [8] [9] [10] . Based involved in the development of beige, but not brown adipocytes [29, 30] , indicating that these cells are differentially regulated. Brown and beige adipocytes express different and diverse gene signatures [26, 31] . Some of these significant differences include expression of UCP-1 and thermogenic genes [32] . Brown adipocytes express high levels of UCP-1 and thermogenic genes under normal conditions, whereas beige adipocytes express these genes following stimulation by β-adrenergic receptor agonists or activators of peroxisome proliferator-activated receptor γ (PPARγ) [33, 34] . Various studies have highlighted the relevance of adipogenic transcription factors like CCAATenhancer-binding proteins (C/EBPs), Kruppel-like factors (KLFs), peroxisome proliferator-activated receptor γ (PPARγ) and sterol regulatory element-binding protein (SREBP) in adipocytes differentiation [35, 36] . Although BAT function and activation are known to some extent, molecular constituents, internal metabolic changes, and external metabolic signals influencing BAT activity are not well understood. Recently fluorescenceactivated cell sorting experiments revealed the precursors and origin of adipocytes and non-adipogenic stromal cells. These cells share surface markers similar to adipocytes including Sca-1 (stem cell antigen-1), PDGFRα (platelet-derived growth factor α), CD34, and CD29 [37, 38] . Timmons JA, et al. [39] showed that BAT and skeletal muscle tissue share a common early transcriptional signature specialized in lipid catabolism and high mitochondrial ATP production [39, 40] . These physiological and metabolic similarities suggest that activating metabolic pathways involved in excess energy dissipation by increasing mitochondrial uncoupling offers a potential therapeutic strategy for prevention or treatment of obesity and it associated diseases [40] .
Adipocytes and their role in metabolism
Perception of adipocytes as merely a fat storage tissue has changed in recent years with the discovery of their role in hormonal regulation of metabolism [41] . Adipose tissue secretes a large number of adipokines including adiponectin and leptin ( Table  1) [42]. Healthy humans have relatively high levels of circulating adiponectin when compared to obese subjects [7] . Adiponectin improves insulin sensitivity in the liver and muscle enhancing FA oxidation [43] . In addition, adiponectin decreases serum glucose, free FA, and triglyceride levels in normal mice when administered with a high fat and high sugar diet [43] . Furthermore, insulin resistant mice show improved glucose tolerance and reduced insulin resistance when given supplemental adiponectin [44] . Various independent studies in animal models of diabetes and obesity have shown that adiponectin decreased hyperglycemia and improved glucose tolerance, insulin resistance, and lipid profiles by increasing gene expression of molecules involved in fatty acid metabolism [44, 45] . In addition to adiponectin, leptin acts synergistically to regulate energy consumption and expenditure (Table 1 ) [46] . The primary source of leptin is WAT, although it is also produced in BAT and in other organs, including the stomach, lungs, placenta, and brain [47] . Concentration of leptin varies in proportion of the size of fat depots, influencing food intake and weight gain [48, 49] . Under normal conditions, In this review, we propose to acquire metabolomics data on adipocyte tissues using nuclear magnetic resonance spectroscopy and mass spectrometry and integrate these data using a bioinformatics approach. Adipocytes are represented in yellow; white, beige and brown adipocytes are colored in white, pale orange and dark orange, respectively.
leptin has been shown to influence triglyceride metabolism. But in some instances, even wild type adipocytes failed to respond to higher doses of leptin. Interestingly, Lee GH, et al. [50] reported that lipolysis is triggered in adipocytes in fasted wild type and leptin deficient ob/ob mice and this effect was enhanced in cells originating from dbLepr/dbLepr mice, in which the leptin receptor was absent [50] . These findings raised questions about the true biological role of leptin on lipid mobilization and its activity on fat cells [51] . Furthermore, leptin expression also plays an important role in adipocyte differentiation from preadipocytes to mature adipocytes [52] . Thus far, the origin of BAT is not well understood. However, Scime A, et al. [53] showed those certain forms of preadipocytes develop into brown fat [53] . Because adipocytes pass through different stages of maturation, a metabolomics approach will help the characterization of adipocytes to determine the molecular factors influencing the maturation of preadipocytes to adipocytes [54, 55] which ultimately may lead to better understanding of their role in health and disease.
Recent findings suggest that brown fat present in white adipose tissue responds to sympathetic signals similarly to interscapular brown adipose tissue [56] . Bartell SM, et al. [57] suggested that leptin administration decreases lipogenesis and increases triglyceride hydrolysis, fatty acid and glucose oxidation in various organs of leptin deficient ob/ob mice including in BAT [57] . Although white and brown adipose depots are located in different regions, several studies have discussed the various genes involved in beiging and browning of white adipocytes [26, 34, 58] . UCP-1 positive cells are presentin WAT and become more prominent upon exposure to cold temperature and β-adrenergic stimuli [59] . Beige fat cells have very low levels of UCP-1 similar to immortal white cells, but they respond well to cyclic adenosine monophosphate (cAMP) to stimulate thermogenic activity [34] . It has been shown that cyclooxygenase-2 (COX-2), the rate limiting enzyme in prostaglandin synthesis, also regulates recruitment of beige fat cells in mice [60] . To date, there are no other studies regarding the mechanism of prostaglandin production and its effect on beiging and browning of fat cells [34] . Similarly, fork head related protein (FoxC2) regulates fat metabolism and enhanced expression in WAT has been shown to elevate mitochondrial and thermogenic gene expression [61] . Furthermore, FoxC2 transgenic mice have been shown to be resistant to diet induced insulin resistance and accumulation of fatty acyl CoA in muscle [62] . In fact, FoxC2 accelerated lipid metabolism by stimulating lipolysis, eventually leading to loss of body fat and decreased serum triglycerides in mice [63] . Furthermore, increased energy expenditure was observed in RIP140 null cells due to elevated lipid β-oxidation, oxygen consumption, and expression of high levels of UCP-1 and carnitine palmitoyltransferase1b [64] . Additionally, the role of thyroid hormones in thermogenesis has been known for decades, but still little is known about their cellular and molecular processes [65] .
Oxidative phosphorylation status is a key regulatory factor in metabolic and inflammatory response. Crif1 is a nuclear gene that encodes a mitochondrial protein, the absence of which leads to disruption of the mitochondrial oxidative phosphorylation complex, which eventually leads to inflammation and insulin resistance [66, 67] . Metabolic profiling of Crif1 deficient fibroblasts elucidated the cellular adaptation and metabolic reprogramming used to fill the gap between supply and demand of carbon sources needed for survival in compensation for the loss of oxidative phosphorylation functions [68] . Obtaining metabolic profiles for WAT and BAT will be helpful in improving our understanding of metabolic shifts in adipocytes. Therefore, in our opinion, a metabolomics approach will reveal new insights for understanding the molecular complexity of adipose cells.
Metabolomics-based systems biology in adipocyte
'Omic sciences' is the general term used for genomic, transcriptomic, proteomic, and metabolomic studies. The metabolome is a very diverse class of biomolecules formed as products of transcription, translation, and various protein activities [69] . For decades, metabolic analysis was performed mostly using biochemical assays with commercially available kits. Although this type of analysis can provide absolute levels of metabolites, they are laborious, time consuming, and expensive. Furthermore, screening a large number of metabolites with these techniques is a challenging task. Metabolomics based on advanced spectroscopy can overcome these existing limitations for untargeted identification and quantification of metabolic biomarkers [8, [70] [71] [72] [73] .
Present advanced instruments, such as nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) are widely applied for metabolomic studies in a high-throughput fashion [12, 74, 75] . Both techniques have their advantages and disadvantages. NMR is nondestructive, highly reliable for absolute quantitation, and provides the most complete structural information of the metabolites but sensitivity can be a limitation. Advanced MS instruments are extremely sensitive, measuring up to sub-femtomole quantities, with high mass accuracy, which facilitates identification of exact chemical molecules, but standard protocols for metabolite extraction and sample-matrix effects are major drawbacks [11, 76] . Multiple reactions monitoring in MS provides distinct chemical fragmentation pattern which can give very specific information for structure elucidation. However, proper sample preparation is a crucial and challenging step and ion suppression may be an issue for low abundance molecules. Metabolites are also highly dynamic, due to their rapid turnover, thus, monitoring metabolites and metabolite intermediates simultaneously is essential to obtain information about metabolic flux (Figure 1 ).
Mass spectrometry is the most powerful technique for identifying lipids, a highly diverse class of low-molecular weight compounds often classified as a sub-group of the metabolome called the lipidome [13, 77] . Composition of lipid molecules including fatty acids, phospholipids, sphingolipids, and cholesterol content can be modified in many different ways in intact mammalian cells. These modifications can be extensive enough to alter cellular functions including growth, differentiation, apoptosis, and autophagy [78] . Lipidomics is key to determining the role of lipids in health and disease [79, 80] .
Indeed, fatty acid binding proteins transport fatty acids into cells where they are activated by acyl-CoA synthetase and used for triglyceride synthesis [81, 82] .
Studies employing spectroscopy, thus far, have highlighted that metabolism in adipose tissue is in many ways similar to muscle tissue [83] [84] [85] . For instance, oxidation of branched chain amino acids (BCAA) in adipose tissue is higher than skeletal muscle tissue. This phenomenon was exacerbated in lipid overcharged adipose tissue [83, 86] . Roberts LD, et al. [87] applied 1H NMR and MS to identify metabolic changes in distinct periods of adipocyte differentiation. They noticed that the metabolic profile of 3T3L cells was quite different between pre and post differentiation adipocytes. Changes included alterations in energy metabolism, increased production of odd chain fatty acids, fatty acid desaturation, polyamine biosynthesis, and transesterification for synthesis of complex lipids [87] . In the basal state, adipocytes consume more free fatty acids, therefore, surrounding cells, such as myocytes, primarily rely on glucose as a fuel source [88] . This finding suggests that FA trafficking in nonadipose tissues and cells might be just as important as adipocytes in molecular characterization of metabolic syndrome [89] .
Additionally, fatty acid synthase is a key lipogenic enzyme that catalyzes fatty acid synthesis. Fatty acids, both exogenously derived and endogenously synthesized, are important constituents of the biological membranes [90] . The bulk of endogenously synthesized FAs are esterified to phospholipids and incorporated as membrane lipids in proliferating cells. Adipose triglyceride lipase hydrolyzes triglycerides to glycerol and fatty acids, hormone sensitive lipase hydrolyzes triacylglycerol to diacylglycerol and one fatty acid, and monoacylglycerol lipase converts monoacylglycerol to fatty acids and glycerol [91] . Similarly to WAT, brown adipocytes store TGs and under the influence of norepinephrine, undergo PKA-activated lipolysis [92] . However, UCP-1 in brown adipocytes uncouples the generation of ATP from fat oxidation which results in heat generation [93] . Furthermore, reduction in AMPK activity leads to a reduction in oxidative metabolism and protects against diet induced obesity [94] . While several studies have recently highlighted the prominence of BAT, its metabolic regulatory role is still unclear [95] . Regulation of BAT activity by modulation of AMPK activity in conjunction with increased lipogenesis may provide a novel therapy for the treatment of metabolic diseases.
Apart from fatty acids, adipocytes also consume glucose. Upon insulin stimulation, GLUT4 transporters translocate to the membrane and absorbed glucose passes through glycolysis where intermediates of glucose metabolism, such as glycerol-3-phosophate, will be incorporated into triglycerides [96, 97] . In vivo studies on humans using positron emission tomography revealed that there was a high intake of 18F-fluorodeoxyglucose (18F-FDG) an analogue of glucose in supraclavicular tissues this phenomenon was seen more often at cold conditions. This observation can be attributed to presence of BAT in those regions [98, 99] . These findings were proven accurate by successive experiments where localization of 18F-FDG was observed in CT images [100] . Mice with increased activity of brown fat showed improvements in systematic metabolism such as increased glucose metabolism, lipid absorption from blood and insulin tolerance [63, 101, 102] . Activation of brown or beige fat could positively influence in metabolism providing an anti-diabetic effect beyond its implications for obesity [34] . Implementing systems biology in metabolic profiling is crucial to improve our understanding of the role of adipose tissue in the same way genomic and transcriptomic studies have advanced the field (Figure 1) [103-105] . Eventually, these studies will pave the way to finding better solutions for modern day metabolic disorders.
Conclusion
Decades of enormous effort has improved our understanding of the molecular mechanisms of various metabolic syndromes, especially the most prominent in industrialized world, diabetes and obesity. Despite all the efforts made to treat these diseases, cures remain elusive. A great deal of progress has been made to understand the underlying genetic roots of these diseases. However, metabolic changes at molecular and sub-molecular levels have not been well studied. In metabolic diseases, adipocytes attain significant importance because of their energy storage ability in the form of lipids. More recently, particular attention has been given to the types of adipose tissue and their differing roles in metabolism. In order to improve our understanding of the metabolic contributions of this diverse tissue class, the application of sophisticated analytical techniques, namely spectroscopy, is necessary. An untargeted metabolomics approach will yield valuable, necessary data. In addition to the implementation of systems biology, advanced bioinformatics and statistical modeling in data processing will provide a novel approach to obtain a more complete picture. Comprehensive metabolic profiling of WAT and BAT, along with a greater understanding of the influence of cellular stimuli and external factors on metabolic changes may be the key to overcoming modern day metabolic diseases. 
